Abstract: Pd/C and CoPd/C heterogeneous catalysts have been synthesized by adopting Charge Enhanced Dry Impregnation (CEDI). The particles size distribution, their high metal surface-to-bulk ratios, and synthesis feasibility are unmatchable to any known noble metal bimetallic heterogeneous catalyst preparation techniques. Next generation Fuel Cells and Fischer-Tropsch catalytic processes economy will be benefited from the proposed methodology.
Introduction
Noble metal heterogeneous catalysts have found various industrial applications and, thus, play a major role in the world economy. Recently, there has been a great deal of interest in bimetallic catalysts research due to their novel chemical (catalytic) and physical (especially magnetic and electronic) properties. CoPd bimetallic catalysts have potentially high activity and selectivity for many reactions, including Fuel cells [1, 2] , Fischer-Tropsch [3] , NO reduction [4] , CO hydrogenation [5] , formic acid electrooxidation [6] , methanol oxidation reaction [7] , ethanol synthesis from syngas [8] , and hydrogenolysis [9] [10] [11] . Small particle size (~10-100 Å) and high dispersion lends catalysts cost effective, efficient and economical. Among various known catalyst synthetic methods [12] , 'Strong Electrostatic Adsorption' (SEA) has proven to be one such preparation method, which can simply and effectively fulfill the above-mentioned catalysts needs. The principle consideration of SEA is that ions adsorb on oxide surface only when it is charged. If the oxide surface is positively charged then it can adsorb anions and vice versa. Moreover, ions cannot adsorb at point of zero charge (PZC) of metal oxides, as the surface is neutral due to unaltered surface hydroxyl groups. PZC can be determined by pH titrations. When the oxide is in contact with a solution of which the pH is less than PZC, the hydroxyl groups protonate and acquire a positive charge and show affinity towards anions like [PtCl 6 ] 2´. Similarly, when it is contacted with higher pH solution, the oxide surface shows affinity towards cations like [Pt(NH 3 ) 4 ] 2+ . In either case, at a particular pH, the affinity attains a maximum and that particular pH is known as the point of strong electrostatic attraction. A catalyst prepared by contacting a metal precursor and oxide at this particular pH usually leads to mono dispersed metal particles with <15% standard deviation [13] . The SEA preparation is carried out by contacting support The CEDI procedure for 20 wt. % Pd using BP and VXC with H 2 PdCl 4 yielded particles with a small particle size of about 25 and 33 Å, with a very narrow size distribution. However, the CEDI procedure for BPox and VXCox with [Pd(NH 3 ) 4 ] 2+ resulted in slightly bigger particle sizes of about 63 and 73 Å. As weight loadings near 20% are currently favored for many fuel cell applications, the current results are directly applicable, especially for catalysts prepared with the Cl´free metal precursor [Pd(NH 3 ) 4 ](NO 3 ) 2 as it overcomes the catalyst poisoning effect caused by Cl´ions.
Catalysts with varying particle sizes can be prepared by varying the reduction temperature. As an example, by increasing the reduction temperature from 200 to 850˝C, particle sizes ranging from 17 to 241 Å were obtained for 10 wt. % Pd/BP ( 3 , and then mixing with the support. The final pH of the slurry was between pH 1.5-2.2. All three ratios of CoPd on VXC and BP2000 showed well-formed particles after reducing at 400˝C and 600˝C.
CoPd bimetallic catalysts supported on BP and VXC were also synthesized using the CEDI route. In the case of different ratios of Co and Pd being loaded on the BP2000 support, 400-˝C-and 600-˝C-reduced catalysts showed almost same particle sizes, between 25 Å to 28 Å, except in the case of 5 wt. % Co + 5 wt. % Pd reduced at 600˝C, which showed a particle size of 35 Å. It should be noted that standard deviation in all bimetallic catalysts was below˘8 Å. Increasing the loading to 10 wt. % Co + 5 wt. % Pd and 10 wt. % Co + 2.5 wt. % Pd resulted in slightly bigger particles, i.e., 32 Å and 33 Å.
In the case of catalysts (5 wt. % Co + 5 wt. % Pd), (5 wt. % Co + 2.5 wt. % Pd), (5 wt. % Co + 1.25 wt. % Pd), and 5 wt. % Co on VXC, synthesized using CEDI and reduced at 600˝C, small particles of 36 Å, 30 Å, 33 Å, and 55 Å, respectively, were obtained, with near monodispersion, i.e.,˘15 Å. symmetrically distributed, but, rather, are skewed to the right in almost all cases. It was intriguing that overall bimetallic particles are smaller and more spherical in shape than their individual metals are after reducing at the same temperature.
As a control experiment, catalysts were prepared by using deionized water via regular DI (5 wt. % Co + 5 wt. % Pd)/VXC, (5 wt. % Co + 2.5 wt. % Pd)/VXC and (5 wt. % Co + 5 wt. % Pd)/BP2000 were prepared and pretreated at 600˝C. The pH of the slurry containing metal ions and carbon was around 6.9. As expected, particles obtained were very large and standard deviations were very broad, viz. 126˘81 Å, 124˘85 Å, and 134˘90 Å in the case of (5 wt. % Co + 5 wt. % Pd)/VXC, (5 wt. % Co + 2.5 wt. % Pd)/VXC and (5 wt. % Co + 5 wt. % Pd)/BP2000, respectively, which confirms that the DI is unable to charge the system for an effective interaction between the metal ions and support. Figure 2 shows the STEM images of 5 wt. % Co + 5 wt. % Pd/VXC, (5 wt. % Co + 2.5 wt. % Pd)/VXC and (5 wt. % Co + 5 wt. % Pd)/BP2000 prepared by DI. STEM analysis also showed that more Pd metal aggregated than Co metal during pretreatment. final pH of the slurry was between pH 1.5-2.2. All three ratios of CoPd on VXC and BP2000 showed well-formed particles after reducing at 400 °C and 600 °C. CoPd bimetallic catalysts supported on BP and VXC were also synthesized using the CEDI route. In the case of different ratios of Co and Pd being loaded on the BP2000 support, 400-°C -and 600-°C-reduced catalysts showed almost same particle sizes, between 25 Å to 28 Å , except in the case of 5 wt. % Co + 5 wt. % Pd reduced at 600 °C, which showed a particle size of 35 Å . It should be noted that standard deviation in all bimetallic catalysts was below ±8 Å . Increasing the loading to 10 wt. % Co + 5 wt. % Pd and 10 wt. % Co + 2.5 wt. % Pd resulted in slightly bigger particles, i.e., 32 Å and 33 Å . Figures (e-h) are particle size distribution graphs of (a-d), respectively. Nearly 3000-5000 particle were considered for particle size distribution estimations.
As a control experiment, catalysts were prepared by using deionized water via regular DI (5 wt. % Co + 5 wt. % Pd)/VXC, (5 wt. % Co + 2.5 wt. % Pd)/VXC and (5 wt. % Co + 5 wt. % Pd)/BP2000 were prepared and pretreated at 600 °C. The pH of the slurry containing metal ions and carbon was around 6.9. As expected, particles obtained were very large and standard deviations were very broad, viz. 126 ± 81 Å, 124 ± 85 Å, and 134 ± 90 Å in the case of (5 wt. % Co + 5 wt. % Pd)/VXC, (5 wt. % Co + 2.5 wt. % Pd)/VXC and (5 wt. % Co + 5 wt. % Pd)/BP2000, respectively, which confirms that the DI is unable to charge the system for an effective interaction between the metal ions and support. Figure 2 shows the STEM images of 5 wt. % Co + 5 wt. % Pd/VXC, (5 wt. % Co + 2.5 wt. % Pd)/VXC and (5 wt. % Co + 5 wt. % Pd)/BP2000 prepared by DI. STEM analysis also showed that more Pd metal aggregated than Co metal during pretreatment. Figures (e-h) are particle size distribution graphs of (a-d), respectively. Nearly 3000-5000 particle were considered for particle size distribution estimations. In our earlier work, monometallic Co and Pd were synthesized using the DI method, where 20 wt. % Co/VXC synthesized using Co(NO3)2 resulted in aggregated lumps without a proper size or shape. On the other hand, 1 wt. % Co/VXC synthesized using Co(NH3)6) 3+ resulted in big particles and a broader size distribution, Xn = 187 ± 133 Å [15] . Similarly, 1.9 wt. % Pd/VXC synthesized via DI resulted in particles of 29 ± 17 Å [16] . On the other hand, 20 wt. % Pd/VXC synthesized via CEDI also resulted in the same range, which, if prepared via DI, would have resulted in very big particles. In our earlier work, monometallic Co and Pd were synthesized using the DI method, where 20 wt. % Co/VXC synthesized using Co(NO 3 ) 2 resulted in aggregated lumps without a proper size or shape. On the other hand, 1 wt. % Co/VXC synthesized using Co(NH 3 ) 6 ) 3+ resulted in big particles and a broader size distribution, Xn = 187˘133 Å [15] . Similarly, 1.9 wt. % Pd/VXC synthesized via DI resulted in particles of 29˘17 Å [16] . On the other hand, 20 wt. % Pd/VXC synthesized via CEDI also resulted in the same range, which, if prepared via DI, would have resulted in very big particles. This, once again, demonstrates the advantage of CEDI over the commonly-practiced DI method.
(a) (b) (c) Figure 2 . STEM images of (a) (5 wt. % Co + 5 wt. % Pd)/VXC, (b) (5 wt. % Co + 2.5 wt. % Pd)/VXC, and (c) (5 wt. % Co + 5 wt. % Pd)/BP2000 catalyst prepared by DI. Scale bar in (a), (c) is 1000 Å and in (b) is 500 Å. The particle size and standard deviation in (a), (b), and (c) are 126 ± 81, 124 ± 85 and 134 ± 90 Å, respectively.
In our earlier work, monometallic Co and Pd were synthesized using the DI method, where 20 wt. % Co/VXC synthesized using Co(NO3)2 resulted in aggregated lumps without a proper size or shape. On the other hand, 1 wt. % Co/VXC synthesized using Co(NH3)6) 3+ resulted in big particles and a broader size distribution, Xn = 187 ± 133 Å [15] . Similarly, 1.9 wt. % Pd/VXC synthesized via DI resulted in particles of 29 ± 17 Å [16] . On the other hand, 20 wt. % Pd/VXC synthesized via CEDI also resulted in the same range, which, if prepared via DI, would have resulted in very big particles. This, once again, demonstrates the advantage of CEDI over the commonly-practiced DI method. Figure 3 gives the diffraction pattern of Pd/carbon reduced catalysts. Diffraction patterns showed that palladium was in the metallic state. The diffraction patterns of the bimetallic catalysts confirmed that particles possessed a well-formed alloy phase. Particles reduced at 400˝C and 500˝C showed the presence of a small amount (5%-10%) of spinel phase, in addition to the metallic alloy phase, inferring that 400 and 500˝C are not enough to fully reduce the catalyst to its metallic phase. Moreover, these results also show that Co 2+ first transforms into a spinel phase, i.e., (Co 1´x Pd x ) 3 O 4 and then converts to a Co 1´x Pd x metallic phase. Alloy catalysts reduced at 600˝C showed no spinel phase, but rather a metallic fcc phase. Juszczyle et al. [11] have used co-impregnation of PdCl 2 and CoCl 2 on a SiO 2 support to synthesized bimetallic alloy catalysts, and observed that the metallic precursor can reduce at 380˝C. The lower reduction temperature is possibly due to different precursors and supports. The formation of an alloy can be seen in the diffraction pattern shown in Figure 3 . Figure 3 also gives the diffraction patterns for pure VXC, as well as monometallic Co/VXC and Pd/VXC. With the increase in Pd content, the (111) and (200) diffraction peak position shifted towards that of a pure Pd peak position, indicating very good CoPd alloy formation and not a physical mixture. The diffraction peak position for different catalysts is given in Table 2 . One archived bimetallic system involving cobalt and palladium is CoPd2, PDF# 50-1437. The peak position of (111) and (200) for this system occurs at 2θ = 40.77 and 47.439, which are very close to the peak position of 5 wt. % Co + 5 wt. % Pd/VXC system. These data confirm that well-alloyed nanoparticles have formed on the carbon support. 6 ] 2+ adsorb well, even at low pH < 2.5, and result in well-dispersed metallic particles upon reduction. To understand the actual mechanism of adsorption, control experiments were done by dissolving [Pd(NH 3 The spectra of the transformed compound shows a peak at λmax = 375 nm (Figure 4 (left) ) and of which absorption spectrum is very similar to that of pure Pd(NO3)2 salt dissolved in 1 M HNO3, which shows a λmax at 392 nm (Figure 4 (left) ). These spectra are in good agreement with the literature [17] . The slight difference in λmax between two systems indicates a difference in complexation [17] . The absorption spectra of Co(H2O)6•(NO3)2 dissolved in H2O and 1 M HNO3 is shown in Figure 4 The spectra of the transformed compound shows a peak at λ max = 375 nm (Figure 4 (left) ) and of which absorption spectrum is very similar to that of pure Pd(NO 3 ) 2 salt dissolved in 1 M HNO 3 , which shows a λ max at 392 nm (Figure 4 (left) ). These spectra are in good agreement with the literature [17] . The slight difference in λ max between two systems indicates a difference in complexation [17] . The absorption spectra of Co(H 2 O) 6¨( NO 3 ) 2 is shown in Figure 4 ( The spectra of the transformed compound shows a peak at λmax = 375 nm (Figure 4 (left) ) and of which absorption spectrum is very similar to that of pure Pd(NO3)2 salt dissolved in 1 M HNO3, which shows a λmax at 392 nm (Figure 4 (left) ). These spectra are in good agreement with the literature [17] . The slight difference in λmax between two systems indicates a difference in complexation [17] . The absorption spectra of Co(H2O)6•(NO3)2 dissolved in H2O and 1 M HNO3 is shown in Figure 4 ( 2 to Co 3 O 4 , the second peak, at 280˝C, the reduction of Co 3 O 4 to CoO, and the third peak, at 510˝C, the reduction of CoO to Co. A similar trend is observed in (b). Pd/VXC (f) shows two peaks merged together, the decomposition and reduction of Pd complex occurs almost together at around 150˝C. In the case of CoPd/VXC systems, the Pd complex decomposition peak and reduction peak are separate from each other. The Pd reduction peak and Co complex decomposition peak come together and almost merge in the case of 5 wt. % Co + 5 wt. % Pd (e) at 172˝C. It can be inferred that, at this temperature, formation of (Co 1´x Pd x ) 3 O 4 takes place, which can be reduced to CoPd in two stages at around 330˝and 600˝C.
Materials and Methods
Two types of carbons, namely Vulcan XC-72 (VXC) and Black Pearls 2000 (BP) were used to prepare the catalysts. The point of zero charge of these carbons is 8.9 and 9.5, respectively. These carbon samples were oxidized by boiling in concentrated 15.9 M HNO 3 for 5 h, which brought down the PZC to 2.5 and 2.65 for BPox and VXCox, respectively, due to surface oxidation and formation of acidic functional groups [18] . Co(NO 3 
